Since changes in the surface area of capillaries may be relevant to capillary exchange, the distensibility of brain capillaries was investigated. Brain capillary dia meters were measured after perfusion fixation of brain tissue at a constant perfusion pressure during hypo-or hypercapnia. Sections were embedded, stained, and an alyzed by light microscopy. The results showed signifi cant differences in mean capillary diameter between the hypocapnic and the hypercapnic group. In the eight brain structures analyzed, capillary diameters were always
The present concept of capillary perfusion in the brain postulates a heterogeneity of blood flow in different capillaries (Kuschinsky and Paulson, 1992) . In such a system of heterogeneous perfusion, variations of blood flow in single capillaries would result from changes in the intravascular pressure of precapillary vessels. Such changes in intravascular pressure might induce, in addition to changes in mi croflow, an altered degree of distension of capillar ies, which would affect the capillary surface area.
The distensibility of capillaries has been a matter of discussion for many years. Most studies investi gating this question have been performed on mes enteric capillaries. Baez et al. (1960) observed cap illary blood vessels of the rat mesentery under the microscope during variations in the driving hydrau lic pressure between 20 and 200 mm Hg. Their con clusion that the capillaries act as rigid tubes is ques tionable since the resolution of their technique did not enable them to detect diameter changes in the expected range. Fung et al. (1966) supported the larger in the hypercapnic group. Mean capillary diameter was 4.93 ± 0.29 f.Lm in the hypocapnic group and 5.91 ± 0.10 f.Lm in the hypercapnic group (means ± SD). We conclude that brain capillaries exhibit a moderate degree of distensibility. Variations in the precapillary pressure of microvessels may therefore influence both capillary flow and capillary surface area. Key Words: Brain capil laries-Microcirculation-Hypocapnia-Hypercapnia Perfusion fixation-Capillary surface area-Capillary compliance.
conclusion of Baez et al. (1960) . They developed the theory that the capillaries of the rabbit mesen tery are embedded in a gel that forms tunnels. In analogy to these conclusions, the compliance of frog mesenteric capillaries was found to be very low by Levick and Michel (1977) , who changed intra vascular pressure using a micropipette.
In contrast to these conclusions, several authors have recently suggested that capillaries are disten sible. Davis (1988) found dilatation of the capillaries in the bat wing during increases in the pressure of a box that was placed around the body but excluded the wing of the animal. Baldwin and Gore (1989) showed that all mesenteric microvessels studied were distensible at intravascular pressures ranging from 5 to 80 mm Hg, with decreasing capillary dis tensibility at increasing pressure.
Concerning brain capillaries, Mchedlishvili et al. (1987) measured capillary diameters of formalin fixed control and edematous brains of rabbits. They found unchanged capillary diameters during edema, with decreases occurring only under extreme con ditions of edema. In contrast, Atkinson et al. (1990) reported changes in capillary diameters during vari ations of arterial Pco2 in cats. During hypo-, normo-, and hypercapnia, they found mean values of 6.35, 7.30, and 9.50 !-Lm, respectively. These dif ferences were significant. However, perfusion pres sure was not constant in the different groups of cats. Since perfusion pressures were adjusted to the final arterial blood pressure (93.5 mm Hg in the hy pocapnic group, 100.2 mm Hg in the normocapnic group, and 105.4 mm Hg in the hypercapnic group), it cannot be excluded that the observed differences in capillary diameter were influenced by differences in perfusion pressure during fixation.
The issue of distensibility of brain capillaries re mains unresolved due to potential methodological shortcomings in the reported experiments. In the present study, to achieve maximal differences in brain capillary pressures and distending forces, rats were exposed to either hypo-or hypercapnia. After perfusion fixation at identical perfusion pressures in both groups, brain sections were stained for histol ogy. Capillary diameters were compared in the hypo-and hypercapnic groups.
MATERIALS AND METHODS
The experiments were performed on nine male Sprague-Dawley rats weighing 270-368 g. The animals were anesthetized by a gas mixture of halothane (1 -1.S%), N20 (70-80%), and O2 (remainder). Body temper ature was maintained normothermic at 36.7 ± 0.3°C by the use of a temperature-controlled heating pad. A poly ethylene catheter (PE-SO) was placed in the right femoral artery for monitoring arterial blood pressure by a Statham pressure transducer and for the determination of blood gases. Tracheostomies were performed, and rats were ventilated using small animal respirators (Harvard Appa ratus, model 683 ).
Two groups were studied. In one group of five rats, extreme hypercapnia was induced by hypoventilation. The other group of four rats was made hypocapnic by hyperventilation. The animals were kept in each state for at least 10 min.
A cannula was fixed in the left ventricle after thoracot omy, and the animals were perfused with normal saline for 2.S-3 min. Perfusion pressure was always lOS mm Hg. A second perfusion was administered through the same cannula using a filtered, 18% formalin solution for 12 min. This procedure is similar to that of Atkinson et al. (1 990), except for the constancy of perfusion pressure. Perfusion fixation was always effective in our preparation; cerebral vessels were always devoid of red blood cells. After per fusion, the brain was removed and postfixed in 4% for malin for at least 24 h. Then small blocks of eight different brain structures were dissected out using a shaving knife. These blocks were stored in cold (4°C) phosphate buffer for 24 h. Following several rinses in phosphate buffer, the blocks were postfixed in buffered 1 % osmium tetroxide and dehydrated through a graded series of ethanol and propylene oxide. Epon-81 2 (Serva, Heidelberg, Ger many) was used to embed the blocks, which were cut into O.S fLm sections in an ultramicrotome using glass knives. The slides were stained with 1 % toluidine blue.
The brain structures were examined using a Zeiss Ax iophot microscope (Zeiss, Oberkochem, Germany) equipped with a x 100 objective (Plan Neofluar immer sion) and a x 10 eyepiece. Measurements were taken from a calibrated ocular micrometer.
In each brain structure investigated, 100 diameters were counted from three to five brain sections. Vessel sections with a minimum diameter of more than 12 fLm were excluded from the data. Only round or nearly round capillaries (ratio of greater: smaller diameter, <1 .S) were taken for measurement. The luminal diameter was mea sured as the perpendicular distance across the maximum axis of each vessel (Shaver et aI., 1990) .
The values of capillary diameters obtained from the two groups were compared separately for each brain structure using the Student t test. Table 1 shows the hemodynamic, arterial acid base, and other relevant variables of both rat groups investigated. It is evident that the main difference between the groups concerned the arterial Pco2, which was in accordance with the intention of the experimental setup. The slight, nonsignificant dif ference in arterial blood pressure between the groups could be eliminated by perfusion fixation of all brains at a constant perfusion pressure. A typical photomicrograph is shown in Fig. 1 . The mean val ues of capillary diameters measured in eight brain structures of both groups are shown in Fig. 2 . In all brain structures investigated, capillary diameters were significantly larger in the hypercapnic group than in the hypocapnic group. In six of the eight structures, the level of significance was p < 0.01; in the remaining two structures, it was p < 0.05. The overall mean values of capillary diameters of the eight brain structures were 4.93 ± 0.29 !-Lm in the hypocapnic group and 5.91 ± 0.10 !-Lm in the hyper capnic group (means ± SO). 
RESULTS

DISCUSSION
The present data show that brain capillaries can not be regarded as rigid tubes. Their degree of dis tensibility is moderate. Although cerebral blood flow was not determined in the present study, pre vious investigations performed under comparable conditions (Gobel et aI., 1989) have shown that val ues of cerebral blood flow can be expected to be more than doubled in the hypercapnic group than in the hypocapnic group. The finding of a moderate distensibility of cerebral capillaries is qualitatively, although not quantitatively, in accordance with the conclusion drawn by Atkinson et al. (1990) experiments in cats. These authors measured cap illary diameters in three different brain regions cortex, white matter, and caudate nucleus-and ob served changes in capillary diameters that were considerably larger than in the present study. One difference between the experiments of Atkinson et al. (1990) and the present study concerns the pres sure with which the brains were perfused for fixa tion. The perfusion pressure in the study of Atkin son et al. (1990) was oriented toward the actual blood pressure, and higher values of capillary dia meters were found at higher blood pressures during hypercapnia. In contrast, an identical perfusion pressure of 105 mm Hg was applied in all experi ments of the present study, excluding the possibility of effects of blood pressure on capillary diameter. Another difference between the study of Atkinson et al. (1990) and the present study concerns the ac curacy of the measurement of capillary diameter. Atkinson et al. analyzed unstained slices of 40-j.Lm thickness, in which the arrangement of the three dimensional architecture of the vascular tree may have limited the exact determination of capillary diameter, whereas in the present study, embedded and stained slices of 0.5-j.Lm thickness were inves tigated.
In the present study, the arterial Pco2 was varied to extremes to achieve clear effects. Physiological changes may be less intense than the change in dia meter of 20% found in the present study. However, even small changes of the capillary diameter may be relevant for the exchange characteristics since the surface area depends on the square of the ra dius. Changes in the surface area of the capillaries would be paralleled by changes in capillary flow, since it appears likely that increases in microflow and increases in capillary diameter are both caused by a raised precapillary pressure. Thus, capillary flow and exchange characteristics would be regu lated in parallel.
The present results might be influenced by poten tial effects of the fixation medium on capillary diameter. In spite of this potential drawback, per fusion fixation has been used for the study of cap illary diameters by several authors (Gross et aI., 1987; Atkinson et aI., 1990; Poole and Mathieu Costello, 1990) . Concerning the present study, it appears unlikely that the main result of this study is explained by effects of fixation, and even if there is an influence of the fixation medium on capillary diameter that would result in values differing from the in vivo value, the present study might not be invalidated. The differences in capillary diameter observed between hypocapnic and hypercapnic groups would be hard to explain as influenced by the fixation procedure, as it was completely identi cal in both groups.
A morphometric investigation of brain capillaries was performed by Laursen and Diemer (1977) in control rats and in rats with a portocaval anastomo sis. Rats with a portocaval anastomosis showed sig nificantly larger capillary diameters (5.15 /-Lm) in the parietal cortex than did control rats (4.90 /-Lm). This finding also indicates some distensibility of brain capillaries.
The idea that the fixation medium did not induce major changes in capillary diameter is also sup ported by in vivo observations of brain capillary diameters. Pawlik et al. (1981) measured a mean (± SD) value of 5.1 ± 0.8 /-Lm in cats with significant interregional variations. Chang et al. (1982) , using the same in vivo transillumination technique as Pawlik et al. (1981) , measured a capillary diameter of 6.0 ± 1.5 /-Lm in the cerebral cortex of the rat. The values of capillary diameter obtained in the present study were in close agreement with these in vivo values.
J Cereb Blood Flow Metab, Vol. 13, No. 6, 1993 It is concluded that brain capillaries can be dis tended to a moderate degree by increases in precap illary pressure. An altered precapillary pressure may influence both microflow and capillary surface area.
